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In this work, we find that Majorana fermions induce selective equal spin Andreev reflections
(SESARs), in which incoming electrons with certain spin polarization in the lead are reflected as
counter-propagating holes with the same spin. The spin polarization direction of the electrons of this
Andreev reflected channel is selected by the Majorana fermions. Moreover, electrons with opposite
spin polarization are always reflected as electrons with unchanged spin. As a result, the charge
current in the lead is spin-polarized. Therefore, a topological superconductor which supports Majo-
rana fermions can be used as a novel device to create fully spin-polarized currents in paramagnetic
leads. We point out that SESARs can also be used to detect Majorana fermions in topological
superconductors.
Introduction— A Majorana fermion (MF) [1, 2] is an
anti-particle of itself. Due to this self-Hermitian prop-
erty, MFs lead to several interesting phenomena such as
fractional Josephson effects [2–6], resonant Andreev re-
flections [7, 8], electron teleportations [9, 10], as well as
enhanced [11] and resonant [12] crossed Andreev reflec-
tions. Moreover, MFs in condensed matter systems obey
non-Abelian statistics [13–17] and have potential appli-
cations in fault-tolerant quantum computations [18, 19].
In this work, we point out another intriguing phe-
nomenon due to the self-Hermitian property of MFs,
namely, MF-induced selective equal spin Andreev reflec-
tions (SESARs). As depicted in Fig.1, when a spinful
paramagnetic normal lead is coupled to a topological su-
perconductor through its MF end state, electrons with
spin pointing to a certain direction ~n are reflected as
holes with the same spin (Fig.1a), where ~n is determined
by the properties of the topological superconductor. The
reflected holes are created due to missing electrons with
spin polarization ~n below the Fermi energy. Therefore,
these processes are called equal spin Andreev reflections.
This is in sharp contrast to ordinary Andreev reflection
processes [20], in which the reflected holes are created
due to missing electrons below the Fermi energy which
have opposite spins to the incoming electrons.
Even more interestingly, at the normal
lead/topological superconductor (N/TS) junction,
electrons with opposite spin polarization −~n are
completely decoupled from the MF and they cannot par-
ticipate in Andreev reflections (Fig.1b). In other words,
the MF selects electrons with certain spin polarization ~n
to undergo equal spin Andreev reflections. Therefore, we
refer to this new phenomenon as MF-induced SESARs.
Pure equal spin Andreev reflections can take place at
a half-metal/superconductor interface [21–28] if spin is
not conserved at the interface. This is because conduct-
ing electrons in a half-metal are fully spin-polarized and
usual Andreev reflection processes cannot occur. Never-
theless, as we show below, inducing SESARs in paramag-
netic leads is a special property of MFs. Importantly, as
in the half-metal case and depicted in Fig.1a, the charge
FIG. 1: A paramagnetic normal lead (N) is coupled to a
topological superconductor (TS) with MF end states. The
zero energy MF mode is denoted by the horizontal line inside
the bulk gap of the TS. (a) Electrons with a specific spin po-
larization can undergo equal spin Andreev reflections in which
an electron is reflected as a hole with the same spin. (b) Elec-
trons with opposite spin are totally reflected as electrons with
unchanged spin. (c) Realizing a topological superconductor
using a Rashba semi-conducting wire in proximity to an s-
wave superconductor and in a magnetic field. The Rashba
direction is denoted as ~nR.
current in the normal lead is fully spin-polarized since the
current is carried by right-moving electrons and counter-
propagating holes with the same spin. Therefore, a topo-
logical superconductor which supports MFs can be used
as a novel device for inducing fully spin-polarized cur-
rents in paramagnetic leads.
In the following sections, we first show, using an ef-
fective Hamiltonian approach, that SESARs are due to
the self-Hermitian property of MFs. Second, we calcu-
late the spin polarization direction ~n of a N/TS junction.
The topological superconductor is engineered by apply-
ing an external magnetic field to a semi-conducting wire
in proximity to an s-wave superconductor [29–32] as de-
picted in Fig.1c. Third, we demonstrate how SESARs
can be used to detect MFs in topological superconduc-
tors using a spin-polarized lead.
Majorana-induced SESARs— At in-gap energy,
the density of states at the ends of a topological super-
conducting wire is mainly due to zero energy MF end
states. Therefore, we expect the transport properties of
a N/TS junction at in-gap energy can be well described
by an effective Hamiltonian which includes the lead and
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2the coupling between the lead and the MF [6, 9, 11]. The
effective Hamiltonian HT can be written as:
HT = HL +Hc,
HL = −ivF
∑
α∈↑/↓
∫ +∞
−∞ ψ
†
α(x)∂xψα(x)dx,
Hc = t˜γ[aψ↑(0) + bψ↓(0)− a∗ψ†↑(0)− b∗ψ†↓(0)].
(1)
Here, HL describes the normal lead with spin up and spin
down electrons ψ↑/↓(x) and Fermi velocity vF . The most
general form of coupling between the MF end state γ
and the lead is described by Hc, where t˜ is a real number
and a and b are complex numbers. The form of Hc is
determined by the self-Hermitian property of the MF γ =
γ† and the fact that Hc is Hermitian. Without loss of
generality, one can set |a|2 + |b|2 = 1. It is important to
note that using a unitary transformation Ψ1 = aψ↑+bψ↓
and Ψ2 = −b∗ψ↑ + a∗ψ↓, the Hamiltonian becomes
HL = −ivF
∑
α∈1/2
∫ +∞
−∞ Ψ
†
α(x)∂xΨα(x)dx,
Hc = t˜γ[Ψ1(0)−Ψ†1(0)].
(2)
Evidently, the MF only couples to the Ψ1 electrons with
spinor ~s1 = |a|(1, b/a)T = (cos θ2 , eiφ sin θ2 )T , while the
Ψ2 electrons with spinor ~s2 = (− sin θ2 , eiφ cos θ2 )T are to-
tally decoupled from the MF. This Ising spin property
of MFs [33–37], which allows MFs to couple to electrons
with certain spin polarization only, has significant effects
on the transport properties of topological superconduc-
tors as we show below.
Since the Ψ2 electrons are decoupled from the MF, we
consider the Ψ1 electrons and holes in the Hamiltonian in
Eq.2 only. Denoting the incoming and outgoing electrons
(holes) with energy E relative to the Fermi energy as
Ψ1E(−) (Ψ†1E(−) ) and Ψ1E(+) (Ψ†1E(+)) respectively,
the scattering matrix of the N/TS junction is:(
Ψ1E(+)
Ψ†1E(+)
)
=
1
Γ + iE
(
iE Γ
Γ iE
)(
Ψ1E(−)
Ψ†1E(−)
)
, (3)
where Γ = 2t˜2/vF . From the scattering matrix, we note
that the Ψ1 electrons are reflected as Ψ1 holes with the
same spin with Andreev reflection amplitude Γ/(Γ+ iE).
From the spinors ~s1 and ~s2, we note that Ψ1 electrons
have spins parallel to the direction ~n = 〈~s1|~σ|~s1〉 =
(sin θ cosφ, sin θ sinφ, cos θ), and Ψ2 electrons have op-
posite spins, where ~σ is the Pauli vector. Therefore,
electrons with spin parallel to the ~n directions can cou-
ple to the MF and undergo equal spin Andreev reflec-
tions, whereas electrons with opposite spin are totally
reflected as electrons. We call this phenomenon MF-
induced SESARs.
SESARs of spin-orbit coupled superconducting
wires— The MF induced SESARs is a general phe-
nomenon due to the self-Hermitian property of MFs as
shown above. Moreover, ~n cannot be determined using
the effective Hamiltonian. Therefore, to be specific, we
study a N/TS junction where the topological supercon-
ductor can be realized experimentally [38–40] by applying
a magnetic field to a spin-orbit coupled semi-conducting
wire which is in proximity to an s-wave superconductor
as depicted in Fig.1c.
In the Nambu basis (ψk↑, ψk↓, ψ
†
−k↑, ψ
†
−k↓), the Hamil-
tonian of the topological superconductor can be written
as [29–32]:
H1D(k) = [(
k2
2m
−µ)σ0 + ~V ·~σ+αRkσy)]τz−∆σyτy. (4)
Here, ψk↑ (ψk↓) denotes a spin up (down) electron with
momentum k, the effective mass and the chemical poten-
tial are denoted by m and µ respectively. The Zeeman
field is denoted by ~V and αR is the Rashba spin-orbit
coupling strength. The Pauli matrices σi and τi act on
the spin and particle-hole space respectively.
Suppose the one-dimensional superconducting wire oc-
cupies the semi-infinite space with x ≥ 0 and a magnetic
field with magnitude Vz is applied along the z-direction,
there exists a MF end state localized near x = 0 in the
topological regime when Vz
2 > µ2 + ∆2. The MF end
state γ satisfies the condition H1D(k → −i∂x)γ = 0 with
γ† = γ. In general, the Majorana mode can be written
as:
γ(x) =
3∑
i=1
βi
(
~φi
~φi
)
e−λix + β4
(
~φ4
−~φ4
)
e−λ4x, (5)
where λi are the four solutions of the following two quar-
tic equations with positive real parts(
λ2
2m
+ µ
)2
+ (αRλ±∆)2 − V 2z = 0. (6)
For realistic semi-conducting wires with
2mα2R√
V 2z −∆2
 1
and at chemical potential µ ≈ 0, we have λ1 = λ∗2 = iλ0+
δ and λ3/4 = λ0∓ δ, where λ0 =
√
2m
(
V 2z −∆2
)1/4
and
δ = 2m2αR∆/λ
2
0. Here,
~φi = [λ
2
i /(2m)+Vz,−∆−αRλi]T
for ~φ1, ~φ2 and ~φ3, and ~φ4 = [λ
2
4/(2m) + Vz,∆− αRλ4]T .
Assuming that the lead can be described by the
Hamiltonian HL = (k
2/2mL − µ)σ0τz, the wavefunc-
tion in the lead at the Fermi energy can be written
as ΨL(x) = ~e1e
ikF x + de↑~e1e−ikF x + de↓~e2e−ikF x +
dh↑~e3eikF x + dh↓~e4eikF x, where kF is the Fermi mo-
mentum and ~e1 = [1, 0, 0, 0]
T , ~e2 = [0, 1, 0, 0]
T , ~e3 =
[0, 0, 1, 0]T and ~e4 = [0, 0, 0, 1]
T . Here, dα,σ denotes the
amplitude for an incoming spin up electron to be reflected
as an electron (e) or hole (h) with spin σ. On the other
hand, the wavefunction at the Fermi energy on the super-
conductor side ΨS(x) can be written as the linear combi-
nation of the four-component vectors associated with ~φi
in Eq.5. We note that the wavefunction has to satisfy the
continuity condition ΨL(x)|x=0 = ΨS(x)|x=0 and current
3conservation condition JxΨL(x)|x=0 = JxΨS(x)|x=0,
where the current operator is
Jx =
∂H1D(k)
∂k
|k→−i∂x =
( −i∂x/m −iαR
iαR −i∂x/m
)
τz. (7)
By solving the above boundary conditions, for both spin
up and spin down incoming electrons, the scattering ma-
trix of the N/TS junction at the Fermi energy can be
found. At zeroth order in αR with αR → 0, the Andreev
reflection matrix rhe, which relates the incoming elec-
trons (ψk↑, ψk↓)T with the outgoing holes (ψ
†
−k↑, ψ
†
−k↓)
T ,
is:
rhe(Vz) =
 Vz−√V 2z −∆22Vz − ∆2Vz
− ∆2Vz
Vz+
√
V 2z −∆2
2Vz
 . (8)
On the other hand, the normal reflection matrix which
relates the incoming electrons with outgoing electrons is
ree(Vz) = rhe(−Vz)eiχ(k), where eiχ(k) = k/mL−iλ0/mk/mL+iλ0/m
is the phase acquired by the reflected electrons at
the interface. Denoting ~s0 = (cos
θ0
2 , e
iφ0 sin θ02 )
T =
1
N (−∆, Vz +
√
V 2z −∆2)T with N the normalization fac-
tor, we have rhe~s0 = ~s
∗
0 and ree~s0 = 0. Therefore,
to the zeroth order in αR, electrons in the conduct-
ing channel with spin parallel to ~n0 = 〈~s0|~σ|~s0〉 =
(sin θ0 cosφ0, sin θ0 sinφ0, cos θ0) will be resonantly re-
flected as holes with the same spin. On the contrary,
electrons with spinor ~u0 = (− sin θ02 , eiφ0 cos θ02 ) and spin
anti-parallel to ~n0 are totally reflected as electrons with
unchanged spin since ree~u0 = e
iχ~u0.
It is important to note that the form of rhe strongly
depends on the existence of the MF solution in Eq.5. In
the trivial regime, rhe will be dominated by off-diagonal
elements and usual opposite spin Andreev reflection pro-
cesses will dominate. It is also interesting to note that,
in the weak coupling regime and weak Rashba, the elec-
tronic part of the MF wavefunction in Eq.5 is approxi-
mately proportional to ~s0. Therefore, the measurement
of ~n can reveal the form of the MF wavefunction.
To further verify the analytic results and generalize the
results to arbitrary Rashba strength and voltage bias,
we calculate the scattering matrix of the N/TS junction
using a tight-binding model used in Refs.[41, 42].
The scattering matrix of the N/TS junction can be
calculated using the recursive Green’s function method
[42, 43]. For example, the reflection matrix elements for
an incoming electron are:
r˜σ
′σ
αe = −δσσ′δαe + i[Γ1/2]ασ′ ∗ [Gr]σ
′σ
αe ∗ [Γ1/2]eσ. (9)
Here, r˜σ
′σ
αe is the reflection amplitude of an incoming elec-
tron with spin σ to be reflected as an α particle with spin
σ′ where α denotes electron (e) or hole (h). [Gr]σ
′σ
αe is a
matrix element of the retarded Green’s function Gr of
the superconductor. The broadening function is denoted
FIG. 2: ∆ = 1, t = 25, t′ = 30, tc = 15 for all the figures. (a)
The differential conductance dI/dV of the N/TS junction as
a function of voltage bias V . The parameters are chosen as:
αR = 2, Vz = 2. (b) The angle θ of the polarization vector
~n as a function of Vz, for different αR and voltage bias. The
zeroth order result from ~n0, which is a good approximation
for the numerical results for small αR, is also presented. (c)-
(f) The polarization vector ~n for different parameters at zero
voltage bias. The coordinates θ and φ denote the coordinates
of the dashed vector. (c) ~n with αR = 2 and different Vz.
Vz = −2 for the dashed vector. (d) ~n with Vz = −2 at
different αR. αR = 3 for the dashed vector. (e) ~n with
αR = 2 and different Vx. Vx = −2 for the dashed vector (f)
~n with Vx = −2 and different αR. αR = 3 for the dashed
vector.
by Γασ = i[(Σ
α
σ)
r− (Σασ)a], where (Σασ)r(a) is the retarded
(advanced) self-energy of the α particle lead with spin σ.
Numerically we find that, in the topological regime,
there are two eigenvectors ~sn and ~un for the normal re-
flection matrix r˜ee with r˜ee~sn = m1~sn and r˜ee~un = m2~un
respectively. For the Andreev reflection matrix, we have
r˜he~sn = m
′
1~s
∗
n and r˜he~un = 0. The eigenvalues are in gen-
eral complex and have the properties |m1| < 1, |m2| = 1
and |m′1| ≤ 1. This shows that electrons with spinor ~un
are reflected as electrons with the same spin with proba-
bility of unity. On the other hand, electrons with spinor
~sn can be reflected as holes with the same spin with An-
dreev reflection amplitude m′1. In other words, electrons
with spin polarization ~n = 〈~sn|~σ|~sn〉 can undergo equal
spin Andreev reflections. Electrons with opposite spin
polarization −~n = 〈~un|~σ|~un〉 are totally reflected. This
4is consistent with the effective Hamiltonian and the an-
alytic results.
The differential conductance dI/dV , as a function of
voltage bias V between the lead and the superconductor,
is shown in Fig.2a. As expected, the zero bias conduc-
tance is quantized to 2e2/h as the MF couples to only a
single conducting channel of the lead.
To study the spin polarization vector ~n = 〈~sn|~σ|~sn〉, we
plot the angle θ calculated from the tight-binding model
[41, 42] as a function of Vz for different incoming elec-
tron energy eV and different αR. The results are shown
in Fig.2b. The zeroth order analytic result at zero bias,
which is a good approximation for the numerical results
for small αR, is also shown in Fig.2b. The finite voltage
bias results are denoted by dashed lines. It is important
to note that θ is not sensitive to the energy of the in-
coming electrons so that the current at finite bias is also
spin-polarized.
In Fig.2c, ~n as a function of Vz is depicted. As expected
from the analytic results for αR → 0 that ~n0 = 〈~s0|~σ|~s0〉
with ~s0 ∝ (−Vz +
√
V 2z −∆2,∆)T , the projection of ~n
on the z-axis increases as |Vz| increases. On the other
hand, φ = 0 when αR → 0 as the Andreev reflection
matrix in Eq.8 is real. For small Rashba strength, φ is
only weakly dependent on Vz and it deviates only slightly
from 2pi. The ~n dependent on αR for fixed Vz is shown
in Fig.2d. Experimentally, it is also convenient to apply
the magnetic field along the wire so that Vx is finite. For
αR → 0, the polarization vector is ~n0 = 〈~s0|~σ|~s0〉 with
~s0 ∝ (
√
V 2x −∆2,∆ − Vx)T . The numerical results for
the Vx and αR dependence of ~n are shown in Figs.2e and
2f respectively.
Coupling between MFs and spin-polarized
leads— It is shown above that incoming electrons with
different spin polarizations interact with the topological
superconductor differently. Electrons with spin parallel
to ~n can undergo equal spin Andreev reflections, whereas
electrons with opposite spin polarization are totally re-
flected as electrons. Therefore, if the normal lead is spin-
polarized, we expect that the conductance of a N/TS
junction will strongly depend on the spin polarization of
the lead.
The experimental setup is depicted in Fig.3a in which
a normal lead is coupled to one end of a topological su-
perconductor. A ferromagnet is coupled to a section of
the normal lead so that electrons passing through the
magnetic section is strongly polarized by the ferromag-
net. The schematic band structure of different sections
of the system is shown in Fig.3a. By controlling the mag-
netization direction of the ferromagnet, one can control
the spin polarization direction of the incoming electrons
at the N/TS junction.
We denote the polarization angle of the ferromagnet
and the topological superconductor with respect to the
z-axis as θF and θS respectively. The conductance of the
N/TS junction for different angles δθ = θF − θS is shown
(b) (c) 
FM SC 
N Rashba Wire 
(a) 
MF 
𝜃𝐹 
𝑧 
𝑉𝐹 
𝜃𝑆 
𝑧 𝑉 
FIG. 3: (a) A normal lead (N) is coupled to a semi-
conducting wire with Rashba spin-orbit coupling and in prox-
imity to a superconductor (SC). The wire can support MF end
states. A ferromagnetic (FM) section is added to the nor-
mal lead to polarize the electrons of the wire. The schematic
band structure of different sections of the wire are shown.
The Fermi energy is denoted by the yellow dashed line. The
spin degeneracy of the spin up and spin down bands in the
ferromagnetic section of the normal lead is lifted. (b) The
differential conductance as a function of δθ in the topological
regime with MFs. The tight-binding parameters are the same
as in Fig.2a except that a Zeeman field ~VF with |~VF | = 10∆
is applied to a section of 20 sites of the normal lead, which
is 10 sites away from the N/TS interface. (c) The differential
conductance as a function of θF in the topologically trivial
regime.
in Fig.3b. When δθ ≈ 0, most of the incoming electrons
can undergo equal spin Andreev reflections. As a result,
the width of the conductance peak, which measures the
coupling strength between the lead and the topological
superconductor, is wide. As δθ deviates from zero, the
incoming electrons can be decomposed into the Andreev
reflected channel and the totally reflected channel. As
δθ increases, the weight of the totally reflected channel
becomes more important and the width of the conduc-
tance peak becomes narrower. Nevertheless, the height
of the zero bias conductance peak at zero temperature is
not changed due to resonant Andreev reflections. On the
contrary, in the topologically trivial regime, in which two
transverse subbands of the semiconductor wire are occu-
pied, Andreev reflections are mainly induced by ordinary
fermionic end states and ordinary Andreev reflection pro-
cesses will dominate. As a result, the conductance is only
weakly dependent on θF . Therefore, the MF-induced
SESARs can be used to distinguish the topological regime
from the trivial regime of the superconductor.
Conclusion— In short, we show in this work that MFs
induce SESARs. As a result, topological superconductors
can be used as novel devices to generate spin-polarized
currents in paramagnetic leads. The SESARs can also
5be used to detect MFs if spin-polarized leads are used.
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